Nuclear response theory beyond the one-loop approximation is formulated for the case of finite temperature. For this purpose, the time blocking approximation to the time-dependent part of the in-medium nucleon-nucleon interaction amplitude is adopted for the thermal (imaginary-time) Green's function formalism. We found that introducing a soft blocking, instead of a sharp blocking at zero temperature, brings the Bethe-Salpeter equation to a single frequency variable equation also at finite temperatures. The method is implemented self-consistently in the framework of Quantum Hadrodynamics and designed to connect the high-energy scale of heavy mesons and the low-energy domain of nuclear medium polarization effects in a parameter-free way. In this framework, we investigate the temperature dependence of dipole spectra in the even-even nuclei 48 Ca, 120 Sn and 132 Sn with a special focus on the giant dipole resonance's width problem and on the low-energy dipole strength distribution. Introduction. -Behavior of nuclear systems at finite temperature remains among the most difficult problems in nuclear theory. Nuclear temperature is a conventional concept for describing highly excited compound nuclei in long-lived intermediate states of such processes as neutron or proton capture, fusion, fission and heavy ion collisions. An accurate description of the response of the compound nucleus to external probes and of its deexcitations is, therefore, of great importance for many applications, in particular, for nuclear data, nuclear technology, and modeling of astrophysical processes including the evolution of stars and galaxies [1] .
Introduction. -Behavior of nuclear systems at finite temperature remains among the most difficult problems in nuclear theory. Nuclear temperature is a conventional concept for describing highly excited compound nuclei in long-lived intermediate states of such processes as neutron or proton capture, fusion, fission and heavy ion collisions. An accurate description of the response of the compound nucleus to external probes and of its deexcitations is, therefore, of great importance for many applications, in particular, for nuclear data, nuclear technology, and modeling of astrophysical processes including the evolution of stars and galaxies [1] .
The dipole response, which dominates spectra of nuclear excitations, is commonly divided into the highenergy part represented by the broad giant dipole resonance (GDR) associated with a high-frequency collective oscillation of protons and neutrons against each other, and the low-energy sector, the pygmy dipole resonance, which represents the oscillation of the neutron excess against the isospin-saturated core. As both of these structures have a very complex nature at the interface of coherent oscillations and pure particle-hole excitations, and their microscopic texture is linked to the astrophysical r-process nucleosynthesis, they continuously attract active interest from both experiment and theory [2] .
An accurate theory for the dipole response of compound nuclei, which is required most often for applications, is extremely challenging. The common practice for finite-temperature microscopic approaches to nuclear response is to confine the framework by the simplest oneloop approximation, such as thermal random phase approximation (TRPA) [3, 4] , thermal quasiparticle RPA (TQRPA) [3, 5] or its version with exact pairing [6] , and one step further is represented by the continuum TQRPA [7] [8] [9] . A few extensions of T(Q)RPA to include important damping mechanisms have been formulated, for instance, in Ref. [10] as the finite-temperature self-consistent RPA, Ref. [11] in terms of the collision integral with incoherent two-particle two-hole (2p2h) excitations, Ref. [12] as a coupling to collective surface vibrations in the framework of the nuclear field theory, and Ref. [13] as the finite-temperature second RPA (SRPA) by the equation of motion method. The numerical implementations of the approaches beyond T(Q)RPA are very scarce and mainly incomplete. For instance, Ref. [12] ignores coupling to non-collective modes and Ref. [11] does not include collective effects, which leads to the controversial results: the latter model concluded on a rapid increase of the GDR's width with temperature while the former found the GDR nearly unchanged. The theories of thermal shape fluctuations [14, 15] explain successfully the temperature dependence of the GDR's width found in experiments [16] [17] [18] [19] , however, do not provide microscopic details of the nuclear strength functions. The evolution of the low-energy strength with temperature, which is crucial for astrophysical modeling, is barely addressed in these calculations.
In this work, we present a new microscopic selfconsistent approach to the nuclear response, which is free of the above mentioned limitations. We advance the approach developed previously in the zero-temperature framework of the relativistic nuclear field theory (RNFT) [20] [21] [22] to the finite-temperature case. The RNFT is based on the covariant energy density functional (CEDF) and extends the relativistic RPA (RRPA) beyond the one-loop approximation by taking into account the nonlinear medium polarization effects in a parameter-free way. This theory performs very well when describing nuclear transitions from ground to excited states [2, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] and shows a similar potential for its finite-temperature generalization.
Formalism. -To determine microscopic characteristics of a compound nucleus, we apply the finitetemperature mean-field theory based on the variational arXiv:1804.10228v1 [nucl-th] 26 Apr 2018 principle of maximum entropy [34] with the CEDF of Ref. [35] . Here we consider nuclear systems without superfluid pairing, which include doubly-magic nuclei and other systems at temperatures above the critical temperature when superfluidity vanishes. Thus, the eigenvalues of the nucleonic density matrix are the Fermi-Dirac occupation numbers
where the index k runs over the complete set of the singleparticle quantum numbers in the Dirac-Hartree basis, which includes the single-particle energies ε k =ε k − λ measured from the chemical potential λ. The small-amplitude particle-hole response function is described by the Bethe-Salpeter equation (BSE) [36] : (2) adopted to the finite-temperature formalism. The number indices include the single-particle variables and time: 1 = {k 1 , t 1 }, and G(1, 3) are the Matsubara temperature Green's functions of single particles defined for the imaginary time differences: t 13 = t 1 − t 3 [37] . The interaction kernel V (58, 67) includes both the instantaneous and the time-dependent contributions, as in the zero-temperature case. In this work, the former is given by the short-range (static) meson-exchange interaction and the latter is represented, in the leading order, by the exchange of correlated particle-hole pairs (phonons) between nucleons. In this case, Eq. 
which contains the meson-exchange interactionṼ , the phonon-exchange term V e and the corresponding selfenergy, such as V e = δΣ e /δG, in analogy to the BSE in the particle-hole channel at T = 0 [21, [38] [39] [40] . At zero temperature, this equation is solved in the time blocking approximation which decouples configurations of different complexity and reduces the Fourier transform of Eq. (3) to a single frequency variable equation. However, the time projection operator used at T = 0 is not applicable for the finite-temperature case and has to be generalized. We found out that at T > 0 the projection operator Θ (16, 25 ; T ), which should be introduced into the integral part of Eq. (3), has the following form:
with σ k = +(−)1 for particle(hole) states and the extra θ 12 (T ) factor, as compared to T = 0. Because of the diffuseness of the Fermi-Dirac distribution functions, this factor introduces a soft blocking, which becomes sharp in the T → 0 limit when θ 12 (T ) → 1. After the 3-Fourier transformation, summing over the fermionic discrete energy variables and analytical continuation to the realenergy domain the BSE takes the form:
where the upper indices η, η stand for the particle-hole and hole-particle channels η = {(ph), (hp)},R(ω, T ) is the Fourier transform of the uncorrelated particle-hole propagatorR
n 21 (T ) = n 2 (T )−n 1 (T ), and the interaction kernel transforms to the ω-domain as:
(8) The particle-phonon coupling amplitude Φ(ω, T ) reads:
where we denote the phonon vertex matrices ζ µηµ as: 
with the matrix elements of the particle-phonon coupling vertices γ ηµ µ;13 γ ηµ µ;13 = δ ηµ,+1 γ µ;13 + δ ηµ,−1 γ * µ;31 ,
and the phonon frequencies as Ω µ . The index µ numerates the phonon quantum numbers, and, as in Ref.
[21], the vertices γ µ;13 are extracted from the solution of Eq. (3) without the time-dependent interaction, which corresponds to the finite-temperature relativistic random phase approximation (FT-RRPA). The bosonic occupation factors N (Ω) = 1/(e Ω/T − 1) in Eq. (9) emerge naturally during the Fourier transformation of the interaction kernel (4) to the complex manifold of its energy variables. The hp-component of the amplitude Φ(ω, T ) is found analogously. In Eq. (8) this amplitude is corrected by the subtraction of itself at zero frequency, in order to avoid double counting of the phonon-nucleon coupling effects, which are implicitly included in the mean field [39, 41] . At T = 0, Φ(ω) is known to induce damping effects which lead to an additional fragmentation and broadening of the strength functions, as compared to the case of keeping only the instantaneous interactionṼ in Eq. (4) [21, 22, [42] [43] [44] . As it is shown below, at finite temperature this amplitude plays a similar role. It is also easy to verify that the T → 0 limit of the amplitude Φ(ω, T ) matches its analog of the zero-temperature RTBA [21] .
Calculations within the approach of Eqs. (6-9) named finite-temperature relativistic time blocking approximation (FT-RTBA) were performed in a wide range of temperatures for the dipole response of the three nuclei, 120,132 Sn and 48 Ca, for which we have obtained a very good description of data at T = 0 [22, 23, 33] . For each temperature value, we solved first the self-consistent relativistic mean field (RMF) problem with NL3 forces [45] , which determined the meson and nucleon fields and the single-nucleon Dirac-Hartree basis. In this basis, the FT-RRPA problem was solved to obtain the vertices and frequencies of the phonon modes. The phonon space was truncated on angular momenta, frequencies and reduced transition probabilities using the same criteria as in earlier calculations for T = 0. We included isoscalar phonon modes with natural parities and multipolarities 2 ≤ J µ ≤ 6, frequencies Ω µ ≤ Ω c (Ω c = 15 MeV for 120,132 Sn and Ω c = 20 MeV for 48 Ca), and the reduced transition probabilities exceeding 5% of the maximal one for each multipolarity. Keeping these criteria, we have included coupling to both collective and non-collective states while the total number of phonon modes grows by up to a factor of ten at T ∼ 5-6 MeV, compared to T = 0. The selected phonon modes, together with the single-particle output of the thermal RMF, determine the particle-phonon coupling amplitude Φ(ω, T ) and, thus, the response function of Eq. (6). Finally, the microscopic strength functioñ S(E, T ) is defined as a response of a compound nucleus to an external field V 0 [3] :S(E, T ) = S(E, T )/(1 − e −E/T ), where
with V 0 being a dipole operator and with a finite value of the imaginary part of the energy variable ∆, which accounts for missing effects of higher-order configurations and the continuum [22] .
Results. -The results for the dipole strength distributions in a medium-light 48 Ca nucleus and in a mediumheavy 120 Sn nucleus at various temperatures are displayed in Fig. 1 , where we compare the evolution of the strength within FT-RRPA (left panels) and FT-RTBA (right panels). In 48 Ca we observe the two major effects with the temperature increase: a continuous broadening and a quenching of the GDR and an enhancement of the low-energy strength associated with the pygmy dipole resonance. This evolution is accompanied by a slow movement of the GDR as a whole towards the lower energy, so that the energy weighted sum rule of the entire dipole spectrum is preserved within a few percent. At some temperature between 4 and 5 MeV the low- energy part begins to dominate for all multipoles, which, in turn, reinforces the damping of the GDR. This range of temperatures corresponds to the limit of existence of the GDR established in earlier works [46] . The obtained evolution of the dipole strength with the temperature increase is caused by the interplay of several factors: (i) a slow change of the self-consistent mean field and of the single-particle orbits of the compound nucleus, (ii) the increasing diffuseness of the Fermi surface which enhances the amount of the low-energy particle-hole configurations and reinforces the Landau damping, which is seen already in FT-RRPA, (iii) a reduction of the leading contribution to the particle-phonon coupling amplitude Φ(ω, T ) (9) associated with η µ = 1, which is the only contribution at T = 0, and an increase of the new terms with η µ = −1, which generate new poles and give rise to further fragmentation of the strength in FT-RTBA.
Notice that in Fig. 1 we plot the microscopic strength functions S(ω, T ) without the exponential factor, which is present inS(ω, T ) due to the averaging over the energies of the initial state, in order to see the details of the nuclear response at very low transition energy E. This factor does not affect the GDR region at all temperatures under study, however, at moderate to high temperatures it enhances the low-energy peak by up to a factor of two. This factor also affects the zero-energy limit of the strength distribution bringing it to a finite value and will be studied in detail in future work.
The trends are similar in the medium-heavy nuclei, such as 132 Sn and 120 Sn, with the only difference that the latter is superfluid below the critical temperature T c ≈ 0.66 MeV in our framework. This means that the GDR's width in 120 Sn decreases in the temperature interval 0 ≤ T ≤ T c and begins to increase at T > T c . We also conclude that the limiting temperature for the nuclei 120,132 Sn is by ∼1 MeV higher than the one for 48 Ca. The temperature dependence of the GDR's width Γ GDR (T ) obtained in FT-RTBA for 132 Sn and 120 Sn is shown in Fig. 2 together with experimental data which are available only for 120 Sn. The theoretical widths at T = 0 are taken from our previous calculations [21, 22] . The overall agreement of FT-RTBA calculations with data is found very reasonable except for the range of temperatures 1 MeV≤ T ≤ 3 MeV, possibly due to high angular momenta and deformation effects which are not included in the present calculations. Our results are consistent with those of a microscopic approach of Ref. [12] , which are available for the GDR energy region at T ≤ 3 MeV, while in the entire range of temperatures under study Γ GDR (T ) shows a nearly quadratic dependence agreeing with the Fermi liquid theory [49] .
Due to the various factors discussed above, in FT-RTBA the spreading effects accrue rather slowly until reaching the range of the limiting temperature, while the Landau damping intensifies tremendously. As a result, at high temperatures of 5-6 MeV the low-energy modes acquire a strong coherence, thereby enhancing the particlevibration coupling and, hence, the spreading of the GDR to the limits of its existence when it can no longer be recognized as a single-peak structure.
Summary.
-We present an advanced microscopic self-consistent many-body approach to the finitetemperature nuclear response, which includes spreading effects in addition to Landau damping. In this framework we investigated the evolution of the dipole strength distribution in medium-mass nuclei in a wide range of temperatures. The obtained results are consistent with the existing experimental data on the GDR's width and with the Landau theory, explain the critical phenomenon of the disappearance of the GDR at high temperatures and predict the evolution of the low-energy dipole strength with temperature taking into account spreading effects.
The analytical method presented in this work is quite general and can be widely applied to investigate the response of strongly-correlated systems with collective degrees of freedom at finite temperature. The presented numerical implementation of the developed approach opens a way to accurate systematic studies of excitations and de-excitations of compound nuclei in a wide energy range. Both giant resonances and soft modes of various multipolarities in medium-heavy nuclei are of primary interest in this context because of their direct implications for rprocess nucleosynthesis. Such systematic studies will be addressed by future efforts.
